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ABSTRACT 


Some  observations  of  kinking  in  carbon  composites,  which  identify  the 
modes  and  morphology  of  kinking  in  fibrous  materials,  are  presented.  The 
thermodynamics  and  mechanics  of  kinking  are  analyzed.  The  analyses  indicate 
the  important  role  of  matrix  deformation  (plastic  and  elastic)  in  determining 
the  kink  morphology,  and  identify  the  matrix  yield  strength  and  the 
distribution  of  fiber  fracture  strengths  as  the  primary  properties  governing 
kink  formation. 


1.0  INTRODUCTION 


It  has  recently  been  established  that  kinking  is  an  important  mode 

of  structural  degradation  in  fiber  composites.1"4  The  first  kinking 

observations  were  reported  by  Berg  and  Salama^  for  graphite/epoxy  systems 

under  axial  compression,  while  more  extensive  studies  of  a similar  system 

2 

have  subsequently  been  presented  by  Weaver  and  Williams.  These  studies 

concluded  that  kinking  was  a direct  consequence  of  microbuckl ing  and 

invoked  kink  initiation  concepts  based  on  the  critical  stress  for  beam 

5 

buckling  on  an  elastic  foundation.  The  kink  morphology  was  noted  to  be 
analogous  to  that  observed  in  many  other  systems;  notably,  a kink  inclination 
ot  equal  to  about  twice  the  kink  boundary  orientation  3,  with  3 ranging  between 
20  and  30°.  However,  Argon  has  noted  that  buckling  usually  occurs  at  much 
lower  stresses  than  implied  by  the  buckling  equations,  and  attributes  the 
disparity  to  the  presence  of  inhomogeneities  or  prior  fiber  curvature.  The 
evident  extension  of  Argon's  concept  is  the  realization  that  kink  formation  is 
inhomogeneous  and  related  to  phenomena  occurring  during  post-buckling  deformation. 

3 

More  recently  Chaplin  studied  kinking  in  a glass  fiber/epoxy  system  under  axial 
compression.  He  confirmed  the  important  role  of  microstructural  inhomogeneities 
in  kink  formation,  and  noted  that  the  simple  relation  between  a and  s coincides 
with  a condition  of  zero  volumetric  strain  in  the  kinked  zone,  suggesting  a kink 
morphology  determined  in  part  by  a maximum  strain  energy  release  rate  criterion. 
However,  he  did  not  attempt  a kinking  analysis,  and  advanced  no  rationale  for 
the  importance  of  a zero  volumetric  strain  (rather  than  zero  shear 
strain)  on  the  kink  morphology. 

A more  detailed  analysis  of  the  kinking  process  is  presented  in  this 
paper  that  correlates  some  of  the  key  microstructural  parameters  that  dictate 


1 


kinking,  under  conditions  of  both  axial  compression  and  of  applied  shear. 

The  concepts  and  observations  introduced  by  previous  investigators  are  used 
where  appropriate;  while  the  additional  experimental  observations  and  measurements 
of  kinking,  required  for  the  analytic  developments,  utilize  information  obtained 
on  three-dimensional  carbon/carbon  composites  (such  as  those  used  for  re-entry 
vehicle  nosetips)  subjected  to  particle  impacts. 

Firstly,  observations  of  kinking  that  establish  the  various  modes  of 
kink  formation  and  provide  a basis  for  kink  analysis  are  presented,  and 
micromechanical  tests  that  evaluate  the  important  mechanical  properties  of 
the  composite  constituents  are  described.  Then,  the  thermodynamics  and 
mechanics  of  kinking  are  explored  to  relate  kink  formation  to  the  properties 
of  the  matrix  and  fibers  and  to  the  distribution  of  inhomogeneities. 

2.0  EXPERIMENTAL 

2.1  Materials  and  Test  Methods 

The  materials  employed  in  this  study  are  three-dimensional  carbon/carbon 
composites^  that  consist  of  carbon  fibers  with  radius  c,  assembled  in  bundles 
of  rectangular  cross  section,  db>  set  in  a graphite  matrix*.  The  bundles  are 
oriented  in  three  orthogonal  directions,  with  the  matrix  filling  the  interstices 
between  the  bundles  and  the  regions  between  individual  fibers.  A section  that 
illustrates  this  geometry  is  presented  in  Fig.  1.  Note  that  the  matrix  is  a 
porous  medium  and  that  there  are  many  pre-existing  bundle  fractures. 

Samples  of  this  material  were  subjected  to  localized  impacts,  either  by  1 mm 
diameter  glass  spheres  at  velocities  up  to  6,000  ms'1  or  by  an  instrumented 

70 

4 mm  diameter  steel  sphere  in  a drop  weight  apparatus  . The  samples  were 
vacuum  impregnated  with  polymer  after  impact  and  then  sectioned  to  the  impact 
site.  The  sections  were  mechanically  polished  prior  to  observing  the  damage 
in  an  optical  microscope. 

*Most  work  was  conducted  on  GE223,  a material  containing  bundles  ~400um  in  width. 
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2.2  Kink  Observations 


Three  principal  modes  of  kinking  have  been  detected  in  studies  on  carbon/ 
carbon  composites:  kinking  due  to  longitudinal  compression  (Fig.  2),  lateral 

compression  (Fig.  3),  and  lateral  displacement  or  "shear"  (Fig.  4).  The  kink 
morphologies  for  longitudinal  compression  and  lateral  displacement  are  very 
similar.  The  kink  boundaries  are  approximately  parallel  and  the  fibers  exhibit 
little  residual  curvature  (Fig.  5a,  b).  The  kinks  can  be  either  in-plane  or 
out-of-plane  on  a specified  section  (Figs.  6,  2a,  b).  The  in-plane  kink  and 
boundary  orientation  are  relatively  well-defined  for  broad  kinks  (ratios  of  kink 
width  to  bundle  diameter  > 0.1),  such  that  the  kink  orientation  a ranges  between 
45°  and  60°  and  the  boundary  orientation  8 is  ~a/2,  as  shown  by  the  experimented 
data  summarised  in  Fig.  7.  For  narrower  kinks,  8 increases  and  becomes  more 
variable,  while  a tends  to  complete  randomness.  The  fibers  at  the  boundary  are 
fractured  (Fig.  8a,  b),  sometimes  at  several  locations  (Fig.  8b),  but  matrix 
fracture  at  the  boundary  is  quite  infrequent  (Fig.  8a).  Substantial  voids  are 
commonly  observed  where  the  kink  boundary  intersects  the  matrix  (Fig.  8c). 
Arrested  kinks  are  sometimes  detected,  the  arrest  being  a direct  consequence  of 
either  an  interaction  with  a pre-existing  defect  (Fig.  2a)  or  with  a prior  kink 
(Fig.  2b).  Partially  formed  kinks  can  also  be  detected  (Figs.  4 and  9a,  b). 
These  provide  invaluable  information  about  the  sequence  of  kink  formation.  In 
particular,  it  is  apparent  from  Figs.  4 and  9b  that  kinks  initiate  from  the 
"compressive"  side  of  the  distorted  fiber  bundle,  while  Figs.  9a,  b indicate 
that  the  propagation  of  adjacent  kink  boundaries  is  not  normally  cooperative; 
rather,  kink  boundary  propagation  can  be  substantially  independent.  Kinking 
persists  to  very  high  temperatures  ( >350CPC)  when  the  fibers  exhibit  some 
plasticity  (Fig.  10).  The  kinks  display  more  variable  orientation  relation- 
ships, and  they  generally  arrest  within  bundles.  The  incidence  of  fracture 
at  the  boundary  is  also  substantially  reduced. 


The  kinking  that  results  from  lateral  compression  is  more  complex. 

There  are  no  well-defined  orientation  relationships  for  the  kinks,  although 
the  kink  ends  usually  coincide  with  a lateral  fiber  bundle  (Fig.  3a).  The 

kinks  are  narrow  and  the  fibers  within  the  kink  exhibit  a multiplicity  of 
orientations  (Fig.  3b).  Frequently,  the  matching  fibers  on  opposite  sides 
of  the  kink  are  subject  to  a substantial  lateral  displacement. 

2.3  Micromechanics  Tests 

The  elastic  or  plastic  deformation  of  each  constituent  of  a 
composite  microstructure  are  two  important  properties  affecting  kink  formation. 
The  deformation  characteristics  can  be  estimated  using  microcompressive 
tests  (Fig.  11a).  The  first  test  entails  indenting  each  microcompressive 
zone  (matrix,  lateral  fiber  bundle,  longitudinal  fiber  bundle)  with  a 400  urn 
diameter  tungsten  carbide  hemisphere,  and  measuring  the  force  (P),  displacement 
(5)  characteristics.  For  elastic  indentation  the  compliance  (5/P)  affords  a 

Q 

measure  of  Young's  modulus  E,  through  the  relation; 


where  ar  is  the  radius  of  the  hemisphere  and  \>  is  Poisson's  ratio.  Compliance 
relations  obtained  for  each  microstructural  constituent  are  presented  in 
Fig.  12a;  the  corresponding  moduli  obtained  from  the  linear  region  are 
indicated  on  the  figure.  The  lateral  bundle  modulus  and  the  matrix  modulus 
are  found  to  be  quite  similar;  this  similarity  is  not  surprising,  since  the 
lateral  bundle  modulus  is  dictated  primarily  by  the  continuous  matrix  phase. 

The  longitudinal  bundle  modulus  is  over  an  order  of  magnitude  larger,  and 
consistent  with  the  value  anticipated  from  the  fiber  content  of  the  bundles. 

The  other  important  feature  of  the  results  is  the  onset  of  non-1 ineari ty  in  the 
matrix.  This  indicates  the  commencement  of  permanent  deformation,  probably  due 
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to  plastic  deformation  around  the  voids.  The  "effecti ve“  modulus  of  the 
matrix  at  large  deformations  is  thus  substantially  smaller  than  the  lateral 
modulus  of  the  bundles.  The  deformation  stresses  cannot  be  determined  from 
the  elastic  relations  and  a second  test  must  be  used.  An  appropriate  test 
is  a standard  spherical  indentation  test,  wherein  the  indentation  pressure, 
p.,  can  be  related  to  the  flow  stress,  a , by  a proportionality  factor, 
p.j  = 3ay.  The  results  for  the  matrix  and  lateral  deformation  of  the  bundles 
indicate  that  oy  ~ 30  MPa. 

3.0  THERMODYNAMIC  ANALYSIS 

The  morphology  of  kinking  can  be  accounted  for  by  examining  the 
thermodynamic  aspects  of  the  kink  propagation  process  (in  a manner  somewhat 
analogous  to  that  utilized  by  Griffith^in  his  description  of  crack  propagation). 
Additionally,  some  conception  of  the  important  considerations  involved  in 
kink  interaction  can  be  elucidated.  Consider,  for  convenience,  the  kink 
depicted  in  Fig.  13a,  under  the  action  of  a quasi-static  applied  shear  stress 
x The  resistance  of  the  composite  to  deflection  is  supplied  primarily  by 
the  relatively  stiff  carbon  fibers  (see  Section  2.3)  and  the  work  performed 
by  the  applied  stress  is  substantially  compensated  by  an  increase  in  strain 
energy  in  the  fibers.  However,  this  does  not  imply  that  the  smaller  increase 
in  strain  energy  that  occurs  in  the  matrix  can  be  neglected  for  purposes 
of  kink  analysis. 

When  the  kink  is  initiated,  several  modes  of  energy  redistribution  occur. 

For  fixed  grip  conditions  (i.e.,  no  work  done  by  the  aoplied  shear  stress), 
fiber  fracture  culminates  in  a decrease  in  fiber  strain  energy,  au  , > and  a smaller 
increase  in  matrix  strain  energy,  aU  (this  is  manifested  as  a decrease  in  the 
externally  applied  load),  there  is  an  increase  in  surface  energy  ASr  associated 


with  the  fiber  fracture  surfaces,  and  plastic  work  aW^  is  expanded  in  the 

★ 

matrix  (see  Section  2.3)  to  accommodate  rotation  of  the  fiber  in  the  kinked  zone. 
The  First  Law  energy  balance  during  kinking  is  thus; 


Al = AU  + AS,  + AW 
.r  m s p 


(2) 


Ideally,  the  energy  balance  should  be  conducted  during  a specified  stage  of 
kink  propagation,  to  yield  a complete  relation  between  the  various  parameters 
involved  in  the  kink  propagation  process.  However,  because  of  the  relatively 
extensive  transition  zone  (fig.  1 2b ) , such  an  analysis  is  complex  and  beyond 
the  scope  of  the  present  paper.  Instead,  therefore,  the  energy  balance  is 
conducted  between  the  unkinked  and  fully-kinked  condition.  It  will  be 
demonstrated  that  this  mode  of  analysis  yields  a rationale  for  the  observed 
kink  morphology,  and  provides  an  upper  limit  on  the  kink  formation  condition, 
thereby  elucidating  some  aspects  of  the  kinking  process. 

3. 1 Kink  Morphology 

A good  estimate  of  the  kink  morphology  can  be  obtained  by  analyzing 
the  energy  changes  that  occur  in  the  matrix  within  the  kinked  zone;  because 
the  fiber  contributions  (surface  and  strain  energy)  and  the  matrix  contributions 
outside  the  kinked  zone  appear  to  be  largely  independent  of  the  kink  orientation. 
The  constancy  of  the  surface  energy  is  apparent  from  Fig.  8,  where  it  is  noted 
that  the  average  orientation  of  the  plane  of  fiber  fracture  is  orthogonal  to 
the  fiber  axis  (as  commonly  encountered  in  brittle  flexural  failure).  The 
invariant  fiber  strain  energy  is  based  on  the  premise  that  fiber  fracture 
relieves  the  fiber  strain  over  a specific  distance  from  the  fracture  plane, 

*Possible  energy  changes  due  to  photon  and  phonon  release'"'  are  not 
explicitly  considered,  because  they  are  relatively  ill-defined. 
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regardless  of  orientation.  However,  interaction  effects  between  adjacent 

fractures  comprising  the  kink  could  lead  to  some  orientation  dependence, 

especially  in  narrow  kinks.  Such  an  effect  undoubtedly  accounts  for  kink 

orientation  anomalies  at  relative  kink  widths  <0.1  (Fig.  7). 

The  issues  involved  in  the  analysis  of  kink  morphology  can  be  nicely 

summarized  in  two  schematics  (Fig.  13).  The  first  issue  (Fig.  13a)  concerns 

the  fiber  rotation,  which  determines  the  kink  inclination  a.  It  is  evident 

from  the  schematic  that  if  the  fibers  are  reasonably  well  bonded  to  the 

matrix,  i.e.  at  AA',  BB ' , CC'  etc.  (this  seems  to  be  the  case  for  carbon 

composites  when  no  debonding  has  been  observed,  see  Fig.  ft),  then  thn 

matrix  within  the  kink  (region  AA'  BB')  must  be  subjected  to  a shear  strain, 

$.  The  relatively  large  magnitude  of  this  strain  indicates  that  it  is  primarily 
★ 

plastic  and  constitutes  an  expenditure  of  plastic  work.  Also, 
unless  matrix  fracture  occurs,  two  small  zones  near  the  kink  boundaries, 

A'B'C  and  ABO,  must  undergo  intense  localized  plastic  deformation.  This  will 
inevitably  lead  to  some  void  formation  and  "residual"  elastic  strain.  However, 
we  shall  initially  assume  that  the  general  plastic  strain,  is  the  primary 
source  of  energy  redistribution  during  fiber  rotation  and  that  the 
preferred  fiber  rotation  is  that  which  minimizes  the  expenditure  of  plastic  work. 

The  second  important  feature  of  the  kink  morphology  is  the  boundary 
inclination  (Fig.  13b).  It  is  apparent  from  the  schematic  that  the  major 
effect  of  changing  the  boundary  orientation  is  to  vary  the  state  of  normal 
strain  in  the  matrix.  Specifically,  a small  boundary  inclination  produces 
matrix  compression,  and  a large  boundary  inclination  generates  matrix  extension. 
An  intermediate  boundary  orientation  that  minimizes  the  normal  strain  is  thus 
★ 

A portion  of  the  shear  strain  will,  of  course,  be  elastic  (yielding 
an  increase  in  elastic  strain  energy),  but  the  observed  kink  orientations 
cannot  be  explained  by  assuming  that  the  strain  is  fully  elastic. 
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likely  to  exist.  The  plastic  deformation  of  the  matrix  that  occurs  during 
fiber  rotation  (which,  as  noted  above,  dictates  the  kink  orientation)  should 
not  lead  to  a significant  volume  change  in  the  kinked  zone  (because  volume 
is  conserved  during  plastic  deformation).  Any  volume  change  that  is 
constrained  to  occur  by  prescribing  the  kink  boundary  orientation  will  thus 
be  manifested  as  an  increase  in  matrix  strain  energy.  Hence,  the  optimum 
boundary  orientation  is  initially  assumed  to  be  that  which  minimizes  the 
volumetric  elastic  strain  energy  generated  in  the  matrix,  i.e.  maximizes 
the  strain  energy  release  as  in  conventional  fracture  processes.  A more 
exact  solution  would  also  take  into  account  the  "residual"  elastic  strain 
generated  by  fiber  rotation  and  then  minimize  the  total  increase  in  strain 
energy. 

3.1.1.  Plastic  Work 

The  plastic  work  expended  during  fiber  rotation  can  be  determined 
from  the  force  on  the  fiber  and  the  extent  of  fiber  rotation.  The  force, 
dF,  on  an  element,  dz,  of  fiber  located  at  a distance,  z,  from  the  kink 
center  (Fig.  1 2 c ) is  related  to  the  deformation  pressure,  p,  by: 


dF  = 2cp  dz 


, < * 

, - A/  - 


For  a small  element  of  rotation  da  (Fig.  12c)  the  work  done  against  the 
matrix,  dW,  becomes: 


dW  = tdFdct  = 2cptd2.da 


The  total  work  done,  aW,  for  a rotation  is  thus; 

V2  “k 

AW  = 4c  / / ptdzda  , 

O a_ 


(4) 


(5) 


where  is  the  kink  length  and  aQ  is  the  initial  rotation  at  the  kink 

zone  (Appendix  I).  Since  the  pressure  for  a specified  rotation  is  expected 

to  be  independent  of  the  kink  length,  eqn.  (5)  reduces  to: 

2 a 
a k 

AW  = f pda  . (6) 


However,  the  deformation  pressure  depends  on  the  rotation  through  both  the 
multiaxial  yield  criterion  and  the  work  hardening  (Section  2.3).  An  analysis 
that  includes  both  of  these  effects  is  a complex  three-dimensional  problem 
and  is  beyond  the  scope  of  the  present  paper.  However,  lower  and  upper 
bounds  on  the  work  done  can  be  obtained  by  assuming,  respectively,  a 
constant  pressure  condition  and  a two-dimensional  slip  line  field  solution. 
For  a constant  pressure  equal  to  the  matrix  yield  stress,  a 

ym' 

V 

4“  ° ~T~  > (ak  ‘ “o>  (7> 

For  fixed  grip  conditions  the  kink  width,  w d (Fig.  12a),  is  specified  so 


that  i k and  are  related  by: 


*k  = wd  C0Sec  ak  ' 


(8) 


*This  is  a key  aspect  of  the  analysis,  because  a constant  kink  width 
requires  the  kink  length  to  increase  as  the  boundary  inclination  decreases. 
This  increased  volume  of  matrix  subjected  to  deformation  counteracts  the 
reduced  plastic  work  per  unit  length  to  yield  the  minimum. 
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Substituting  Z|<  from  Eqn.  (8)  and  aQ  from  Eqn.  (All)  into  Eqn.  (7),  the 
work  done  becomes; 


AW  = cwdtayn)cosectak{ctk  - 2TA(df+2c)t(db+ds)‘1(3ds‘:-4wd‘:  cosec^  aR)/6rrEfc4db  } (9) 


where  Ey  is  the  fiber  modulus,  dyis  the  fiber  separation  and  dg  is  the  bundle 

p 

separation.  The  preferred  kink  orientation,  ak>  is  obtained  by  differentiating 
Eqn.  (9)  with  respect  to  ak  and  setting  the  differential  to  zero.  For 
aD  >>  a , this  yields; 

K 0 


or. 


P P 

tdn  cij^  “ 2a^ 


ak = 670 


(10) 


The  corresponding  minimum  work,  aW^,  is; 


AW  . = 0 .7  a cw  . 

nun  ym  a 


OD 


P . 


For  larger  aQ,  ak  is  a complex  function  of  ds/c,  wd/c,  df/c  and  T^/Ey 
ranging  between  ~ 60°  and  67°.  This  range  of  ak  is  close  to  the  upper 
bound  of  the  measured  values  (Fig.  7). 

A two-dimensional  slip  line  field  solution1^  that  closely  resembles 
the  deformation  expected  from  fiber  rotation  is  depicted  in  Fig.  15.  The 

corresponding  orientation  dependencies  of  the  normalized  deformation  pressures, 

★ 

p/2k  , are  plotted  in  Fig.  15  for  two  typical  values  of  ik/db.  Inserting  p 
from  Fig.  15  into  Eqn.  (6),  and  performing  the  integral  numerically,  yields 
values  of  ~48'5Uk/db  = 0.3)  and  ~ 55°  Uk/db  = 0.5).  These  are  within  the 
range  of  the  measured  kink  orientations.  Detailed  three-dimensional 
anal>ses  should  be  capable  of  yielding  more  precise  predictions 
of  the  kink  orientation. 


k would  be  <ry/2  for  the  Tresca  criterion  (a  is  the  uniaxial  yield  stress) 
and  Oy//3  for  the  Von  Mises  criterion. 
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3.1.2  Strain  Energy 


The  volumetric  strain,  ev>  in  the  kinked  zone  consists  of  a uniaxial  strain,  ex> 

3 

normal  to  the  kink  boundary,  and  is  given  by; 

ey  = ex  = [cos(3-ak)/coSak  - 1].  (12) 

Hence,  for  a negligible  "residual"  elastic  shear  strain,  the  strain 
energy  per  unit  volume,  U,  is  simply; 

E o 

U = [C0S(S -ak)/C0S  ak  - 1]  , (13) 

and  the  strain  energy  in  the  kinked  zone  per  unit  thickness,  Uk>  is; 

E cos  (6 -a.  ) ? 

Uk  * f *kdb  -coi-a-  - tC0S(B-ak)/C0S  c,  - 1 ] . (14) 

where  E is  the  matrix  modulus  and  d.  is  the  bundle  diameter.  In  the 
m b 

geometrically  required  angular  range,  0 < s - ak  < u/2,  Eqn.  (14)  shows 

P 

that  Uk  exhibits  only  one  minimum  (equal  to  zero):  at  s = 2ak>  This  result 

is  in  reasonable  accord  with  the  experimental  observations  for  broad  kinks 

(Fig.  7),  which  indicate  that  6 is  slightly  less  than  2 a . The  small 

k 

discrepancy  is  undoubtedly  associated  with  the  neglect  of  the  "residual"  strain 
energy;  which  would  tend  to  produce  a small  matrix  compression  in  order  to 
accommodate  the  increase  in  matrix  volume  near  the  kink  boundary  (Fig.  13a). 

3.2  Kink  Formation 

A thermodynamic  analysis  of  kink  formation  would  require,  in  addition 
to  the  analyses  described  above,  at  least  an  assessment  of  the  strain 
energy  changes  that  occur  outside  the  kink  zone,  and  of  the  surface  energy 
created  by  fiber  fracture  (Eqn.  2).  However,  a preliminary  estimate  of  the 
energy  redistribution,  suitable  for  qualitative  identification  of  the  important 
kink  formation  parameters,  can  be  obtained  by  assuming  that  the  strain  energy 
in  the  fibers  reduce  to  zero  after  kink  formation.  Then,  the  strain  energy 
release  per  bundle,  AUh  (Eqn.  A6),  is: 

11 


9tA  224  °-01  /ds\ 

AU,  = 5 T?  O+v)  (d,+2cr(d.+d  V d 0.37  + ? 

b 2*  Eyd  2c2  b s s ( 1 +v ) *"  y c ) 


The  equivalent  surface  energy  increase  per  bundle,  ASb>  caused  by  fiber 
fracture  is  simply; 


9 w 2.2 

„ . c 

AS,  - o 

b (df  + 2c)2 


where  y r is  the  "surface  energy"  of  the  fibers.  Recalling  that  the  matrix 
strain  energy  in  the  kinked  zone  is  zero  and  neglecting  the  small  strain 
energy  increase  in  the  matrix  outside  the  kink,  the  strain  energy  release 
can  be  equated  to  the  increase  in  fiber  surface  energy  and  matrix  plastic 
work  to  obtain  an  approximate  upper  bound  for  the  kink  initiation  stress, 

Noting  that  the  kink  displacement  term,  w^,  in  the  plastic  work 

★ 

expression  can  be  equated  to  the  elastic  displacement  2vz  (Appendix  I)  to 
obtain; 


5 Aa  V d,6  <d/+2c)4(Vds>4 

' „2  \ E ) c V 


the  kink  initiation  stress  becomes; 


2 /2*V/ 


(2+d;/c)4  (l+ds/dbr  (ds/c) 


1 • 7 ( 1 +v ) 2 + 0.05(d  /c)2-0.5(r  /Ey  )(d  /c)5  [(d,  +2c)/dJ2 


Applying  the  same  approximation  used  to  obtain  the  strain  energy  release, 
notably  that  the  fiber  strain  after  kinking  is  zero. 


2 3 

A plot  (Fig.  15)  of  the  normalized  kink  strength,  c/2t  E^  , illustrates 
several  important  implications  for  kink  formation;  notably  the  strong 
retardation  of  kinking  achieved  by  reducing  d^/c  or  d^d^,  and  the  potential 
for  eliminating  kinking  by  an  appropriate  enhancement  of  c^m/E^.  . Also,  the 
normalization  indicates  the  direct  importance  of  the  fiber  fracture  energy, 
and  modulus,  More  detailed  implications  are  not  warranted  due  tn  the 
approximate  character  of  the  analysis. 

4.0  MECHANICS  OF  KINKING 

Kink  initiation  cannot  yet  be  adequately  treated  using  a thermodynamic 
analysis  (as  noted  above),  but  some  additional  insights  can  be  gained  by 
analyzing  the  stresses  generated  in  the  fibers.  The  "shear"  kink  is  the 
most  amenable  to  analysis  and  will  be  examined  first. 

4.1  "Shear"  Kinks 

The  fiber  stresses  generated  by  a shear  displacement  are  summarized 
in  Appendix  I.  Fiber  fracture  will  occur  when  the  axial  tensile  stress 
exceeds  the  longitudinal  strength  S of  a flaw  located  in  the  tensile  zone. 

These  flaws  are  statistically  distributed  in  space  and  size,  so  that  the 
fracture  condition  is  probablistic  in  character  (although  fracture  is  most 
likely  to  occur  near  the  zone  of  peak  tensile  stress).  Techniques  for 
deducing  this  fiber  fracture  condition  will  firstly  be  considered,  and 
subsequently,  the  question  of  whether  such  fractures  are  a sufficient  condition 
for  kink  initiation  will  be  explored. 

The  flaw  strength  distribution  required  for  fracture  analysis  can  be 
determined  by  examining  fiber  fractures  in  regions  where  kink  formation  has 
not  occurred  (Fig.  16).  If  it  is  assumed  that  the  matrix  has  a negligible 
effect  on  the  stress  in  the  fiber,  the  tensile  stress  at  the  (surface)  fracture 

*The  strength  of  a flaw  is  the  normal  tensile  stress  required  for  the 
unstable  propagation  of  that  flaw  to  fracture. 
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site  can  be  evaluated  from  the  radius  of  curvature  R,  using; 


EyC  Sine 


where  9 is  the  angular  coordinate  of  the  surface  site  relative  to  the  position 
of  peak  tensile  stress.  Then,  equal  length  regions  with  that  curvature  can 
be  randomly  sampled  to  determine  the  proportion  of  fractures.  This  proportion 
is  a direct  measure  of  the  fracture  probability,  <1>(S).  Continuing  in  this 
fashion,  by  sampling  regions  of  different  curvature  (but  all  of  the  same 
length,  tR),  a fracture  probability,  strength  curve  can  be  developed  (Fig.  17a), 
The  flaw  density  function  g(S)dS  ’ (the  number  of  flaws  per  limit  volume, 
or  area,  with  a strength  between  S and  S + dS)  can  now  be  derived.  If  the 
reasonable  assumption  is  made  that  fracture  is  surface  flaw  initiated,  g(S) 
is  given  (eqn.  (A1 6) ) by; 


[2C  + S 5"] 


where  ? = -£n[l  - $(S)].  The  flaw  density  curve  derived  from  Fig.  17a 
using  eqn.  (A16)  is  plotted  in  Fig.  17b.  The  resultant  probabilities  of 
first  fracture  in  a "sheared"  fiber  bundle  can  be  derived  from  Fig.  17b  as 
described  in  Appendix  II. 

It  seems  unlikely  that  the  onset  of  first  fracture  necessarily 
coincides  with  kink  initiation,  because  fractures  are  frequently  observed 
in  regions  remote  from  kink  boundaries  (Fig.  16).  A more  likely  condition 
for  kink  formation  is  the  creation  of  several  fiber  fractures  in  the 
outermost  layers  of  the  bundle.  These  fibers  are  not  fully  constrained,  and 


r - 


* 


■ 


they  can  rotate  in  a sense  that  substantially  enhances  the  stress  in  the  next 

layer  of  fibers  (Fig.  18),  thereby  initiating  the  sequence  of  fractures  that 

constitute  a kink.  Should  this  kink  formation  mechanism  pertain,  the  kink 

formation  stress  can  be  deduced  by  estimating  the  probability  that  an  unstable 

fracture  occurs  in  the  outer  layer.  The  factors  that  influence  this  probability 

3 

can  be  estimated  from  a two-dimensional  model  that  incorporates  both  the 
statistical  character  of  fiber  fracture  and  the  stress  enhancement  imparted 
by  the  matrix  phase. 

The  numerical  details  of  the  model  have  been  established  for  the  following 
strength  distribution  function; 

S 

y^(S)dS  = A(S/S0)m  (19) 

o 

where  SQ,  \ and  m are  constants.  The  present  data  for  fiber  fracture  (Fig.  1 7 b ) 

are  moderately  well  described  by  this  relation,  with  m = 8.  The  key  aspect  of 

the  analysis  for  present  purposes  concerns  the  instability  condition,  which  is 

expressed  in  terms  of  both  the  number  of  fiber  fractures  and  the  fracture  stress. 

The  analysis  obtains  fracture  expressions  for  either  elastic  or  plastic  matrix 

deformation  within  the  zone  of  stress  enhancement  (Fig.  19).  We  shall  assume 

that,  for  kink  initiation  purposes,  the  matrix  behaves  plastically  (see  sections 

2,  3).  Then  a stress  enhancement  factor  <n>  which  is  a measure  of  the  increased 

probability  of  failure  in  a zone  adjacent  to  n fractured  fibers  (Fig.  19),  can 
3 

be  defined  as  ; 


where 


r v/"-v/) 

m 

Vy  is  the  volume  fraction  of  fibers,  a is  the  "remote"  stress  and  / (m)  is  a 
slowly  varying  function,  equal  to  0.88  for  m = 8. 

The  probability  of  crack  extension  4 (a)  at  the  stress  a for  a crack  consisting 
of  n broken  fibers  is 

4(a)  = NAq  A,2  A32  . . An2  (1  - Ao)N_n  (21) 


where 


AQ  = 1 - exp  (-S*) 

An  = exp  (-S*)  -exp  (-«nmS*) 

and  N is  the  number  of  fibers  in  the  bundle.  The  condition  for  unstable 
extension  of  the  crack  is; 

^(S/s/w  « * =<nm  S*  = in  [1/(1  - 4q)]  (22) 

where  w is  the  laminate  width,  4q  is  the  associated  probability  level,  and  5 
is  the  extent  of  the  stress  enhancement  zone 


Equating  the  stress  to  the  fiber  strength  S,  eqns.  (19  to  23)  can  be  solved 
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The 


numerically  for  the  number  of  fiber  fractures  at  instability,  N . 

quantity  Nc  is  relatively  insensitive  to  the  material  parameters.  For  values 

of  the  material  parameters  typical  of  carbon  composites  (see  section  2.3,  4.1), 

m = 6 to  10,  o /S  = 10"3  to  10'1,  E,/u  = 10  to  100  and  V,=  0.7  to  0.9, 
ym  o / m t 

setting  the  probability  <f(S)  equal  to  0.5  (its  median  value)  and  equal  to 
0.99  (a  high  probability  of  instability)  gives  Nc  ~ 3.  It  has  been  demonstrated 
for  this  value  of  Nc  , that  the  critical  "remote"  stress  for  unstable  crack 
growth,  oc  (equivalent,  on  the  basis  of  the  present  premise,  to  the  kink 
formation  stress)  can  be  derived  explicitly  for  large  N as;  \ 

ac  =/(N,m)  [W5X  (K3m-l)/Som]  (24) 


where  / (N,m)  is  a weak  function  of  N and  m.  Substituting  for  5 and  K3m 
from  eqns.  (23)  and  (19)  allows  eqn.  (24)  to  be  expressed  as; 


Mm_3,2  K\m'\ 

V/  zj 71  \CTym 


1 + 9LL_  [ | in  h—l  15— 

u ' 0c  J U \ CTym 


1/2  o. 


2 1 


3ir 


■1  > (25) 


For  small  o /o  this  can  be  simplified  to; 

y * 


1 -3/m 


a I a 
ym  \ ym 


2 /r  x2 

3TrmXWC  Zn  3ir  / °C 
w laym 


Tl/  m 


J 


(26) 


Inspection  of  eqn.  (26)  indicates  that  the  critical  stress  depends  primarily 
on  the  matrix  yield  strength  'o  and  the  fiber  fracture  parameters  SQ  and  m; 
the  matrix  modulus,  fiber  volume  fraction  (and  the  fiber  dimensions)  are 
secondary  (but  not  negl i gable ) considerations,  except  as  ac/ay  approaches  unity. 
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Further,  the  matrix  yield  strength  is  only  effective  when  m is  small, 

<10  (i.e.  the  variability  in  the  fiber  fracture  strength  is  large),  as 
illustrated  in  Fig.  20.  These  considerations  could  be  used  to  design  fiber 
composites  with  a maximum  resistance  to  kink  formation,  primarily  by  increasing 
the  fiber  fracture  strength  level  SQ  and  (except  for  low  fiber  strength 
variability)  by  enhancing  the  matrix  yield  strength.  Additionally,  for  "shear" 
induced  kinks,  some  further  considerations  emerge  when  a is  related  to  t. 

C H 

through  eqns.  (A1 ) and  (A2),  viz; 


(2  + df/c)2  (ds/db  + l)2 


Hence,  as  might  be  intuitively  expected,  small  relative  fiber  separations, 
dy/c,  and  bundle  separations,  ds/db,  and  large  fiber  diameters  also  enhance 
the  "shear"  kink  resistance  of  the  composite. 

The  preceding  discussion  of  kinking  has,  for  simplicity,  emphasized 
kink  formation  under  conditions  of  lateral  displacement.  However,  in  order 
to  provide  a more  comprehensive  overview  of  mechanical  degradation,  the  kinking 
that  occurs  under  longitudinal  and  lateral  compression  will  also  be  briefly 
discussed. 

4.2  Compressional  Kinks 

The  kink  morphology  under  longitudinal  compression  is  identical  to 
that  observed  for  lateral  displacement  and  can  be  accounted  for  using  analogous 
thermodynamic  concepts.  But,  the  kink  formation  condition  will  differ  because 
the  fiber  deformations  (and  hence  the  strain  energy  release  and  the  tensile  stress 
distribution)  are  substantially  different.  An  upper  bound  on  the  kink  initiation 


T+*  • ■ 4- 


condition  will  be  the  critical  compressive  stress,  acr,  for  the  elastic 

3 4 

buckling  of  a fiber  or  a bundle.  However,  as  noted  by  Argon  and  Chaplin  , 

local  inhomogeneities  can  cause  compressive  failures  at  substantially  lower 

stresses.  The  inhomogeneities  that  could  lead  to  premature  buckling  are 

exemplified  by  localized  bundle  curvature  (Fig.  1),  large  matrix  voids  (Fig.  1) 

etc.  The  presence  of  these  inhomogeneities  would  reduce  the  critical  buckling 

stress  to  a modest  level.  A simplified  model  of  buckling  induced  by  a shear 
3 

instability  indicated  that  the  critical  buckling  stress,  a , for  a misaligned 

cr 

laminate  is; 


a 


cr 


(28) 


where  9q  is  the  initial  misalignment.  The  onset  of  buckling  for  this  mode  of 
instability  would  thus  be  primarily  related  to  the  matrix  yield  strength  and  the 
fiber  misalignment.  This  former  dependence  is  consistent  with  many  compressive 
strength  measurements  on  fiber  composites.^  Whether  the  onset  of  buckling  is 
a sufficient  condition  for  kink  formation  is  determined  by  the  character  of  the 
composite  and  by  the  imposed  boundary  conditions.  If  the  buckling  instability 
in  the  fiber  bundle  is  constrained  by  the  presence  of  a lateral  surrounding 
medium  (e.g.  as  in  some  carbon/carbon  composites)  or  by  a’ "fixed  grip"  type  of 
boundary,  the  post-buckling  elastic  deformation  of  the  fibers  and  the  plastic 
deformation  of  the  matrix  would  dictate  kink  initiation,  in  much  the  same  sense 
as  kink  formation  under  lateral  displacement.  An  analogous  analysis  of  fiber 
fracture  would  then  indicate  the  relative  role  of  the  fiber  fracture  strength 
and  the  matrix  yield  strength  in  kink  formation.  Conversely,  if  the  buckling 
were  unstable,  then  fiber  bending  would  inevitably  continue  until  the  tensile 
stress  in  the  fibers  increased  to  the  fracture  strength  and  kinking  would 
ensue.  Kink  formation  would  then  be  independent  of  the  fiber  properties. 
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Kinking  under  lateral  compression  is  quite  different  in  character  from 
the  two  other  modes.  The  kink  morphology  is  not  governed  by  simple  thermodynamic 
concepts.  Local  stress  concentrations  probably  dominate  this  mode  of  kinking. 

The  kinking  cannot  be  accounted  for  by  a symmetric  pressure  between  two  opposing 

Q 

bundles  (Fig.  21),  because  the  dominant  stress  is  a transverse  compression 
(Fig.  21)  that  cannot  induce  kink  formation.  However,  if  the  opposing  bundles 

Q 

are  slightly  displaced  (Fig.  20),  very  large  transverse  shear  stresses  develop 

(Fig.  21).  These  shear  stresses  are  postulated  to  be  the  primary  cause  of 

lateral  kinking.  The  situation  is  analogous  to  the  kinking  generated  by 

lateral  displacement,  except  that  d$  is  very  small  and  kinking  is  constrained 

to  occur  in  a narrow  zone  defined  by  the  zone  of  action  of  the  transverse  shear. 

The  kink  formation  and  morphology  is  thus  determined  by  the  details  of  the 

pressure  distribution  imposed  by  the  opposing  fiber  bundles  and  (to  a lesser 

extent)  by  the  matrix.  This  type  of  problem  can  be  analyzed  using  Fourier 

g 

series  and  studies  are  in  progress  to  obtain  specific  relations  between  pressure 
distributions  and  kink  formation. 

5.  Implications  and  Conclusions 

Observations  of  kinking  in  carbon  composites  have  indicated  that 
kinking  can  occur  under  longitudinal  compression,  lateral  compression  and 
lateral  displacement.  The  kink  morphologies  are  relatively  well  defined  for 
broad  kinks  but  become  more  random  for  narrow  kinks. 

A thermodynamic  analysis  of  kinking  has  accounted  for  the  observed  kink 
morphologies  in  terms  of  the  strain  energy  and  plastic  work  associated  with  the 
matrix  phase.  Specifically,  minimization  of  the  plastic  work  dictates  the  kink 
inclination,  while  minimization  of  the  elastic  strain  energy  determines  the 
kink  boundary  orientation.  The  analysis  has  also  highlighted  the  imoortant  role 
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of  the  matrix  yield  strength  and  the  fiber  fracture  resistance  in  kink 
formation,  in  the  sense  that  kinking  is  retarded  by  large  matrix  yield  strength 
and  fiber  fracture  resistance  . 

The  mechanics  of  kinking  have  then  been  explored  using  a model  for 
statistical  fiber  fracture  and  matrix  stress  enhancement.  The  appropriate 
fracture  and  deformation  parameters  have  been  determined  in-situ  for  the  present 
carbon  composite,  and  these  parameters  have  been  used  to  obtain  an  approximate 
expression  for  the  critical  kink  formation  stress.  This  expression  confirms  the 
central  importance  of  large  matrix  yield  strength  on  kink  suppression,  and 
indicates  the  varied  role  of  the  fiber  fracture  strength  and  variability. 

The  importance  of  fiber  and  bundle  dimensions  and  separations  on  kink 
formation  depends  on  the  mode  of  kinking.  But,  in  most  instances,  a large  • 
proportion  of  fibers  oriented  in  a sense  that  minimizes  fiber  deflection  is 
preferred,  e.g.  a small  relative  bundle  separation,  ds/db - 
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APPENDIX  I 

ANALYSES  OF  BUNDLE  DEFORMATION 

1 . Strain  Energy 

The  stresses  and  displacements  in  a laterally  displaced  ligament 
(figure  22)  can  be  deduced  by  noting  that  the  ligament  deformation  is  equivalent 

g 

to  that  of  two  opposing  rigidly  mounted  cantilevers  in  intimate  contact.  The 

Q 

cantilever  solution  indicates  that  the  stresses  in  each  fiber  are. 


a 


x 


:6P  xy. 

TTC4 


T 


xy 


(Al) 


where  P is  the  force  acting  on  the  fiber  ends  and  the  x and  y axes  are  indicated 
on  Fig.  22.  Fora  symmetric  three-dimensional  fiber  composite  (Fig.  l)in  which  the 
deflection  resistance  is  supplied  primarily  by  the  fibers,  P is  related  to  the 
applied  shear  stress  ta>  by; 

P = ta  (d;  + 2c)2  (db  + ds)2/db2  (A2) 

where  dy  is  the  separation  between  fibers,  db  the  bundle  diameter  and  d$ 
the  separation  between  bundles. 
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The  strain  energy  dU  in  a volume  element,  dxdrde  is 


given  by; 


dU  = 


2Ef 


ax2  + Jy2  + 2txy  (1  + v) 


dxdrd6 


Expressing  the  stresses  from  eqns.  (Al)  and  (A2)  in  cylindrical  coordinates 
and  substituting  into  eqn.  (A3),  the  total  strain  energy  in  each  fiber  Uy 
becomes ; 


m/2  c ds/2 


9T.^(dy+2c)4  4 2 

U , = jj-  4-4—  (d.+d  j (1+v)^  / / / 

1 o_  r -Jj  b OOO 


2m  Efc  db 


1+4 


2 2 2 2 2 
x r cos  9 _ 2r  cos  e 


c4  (1+v)2 


4 4 

r cos  9 


dxdrde 


Integration  then  gives, 


9t, 


Uy  = ' 2 tt~  (1+vr(db+ds)  (d/+2c)  d< 


2lT  Eydb  C 


0.37  + 


0.01 


(1+v) 


2 c 


The  total  strain  energy  in  the  bundle,  U^.  is  thus; 


% * 7177x7  <«/+2‘>2  <Vds>4  ds 

2m  Eydb  C 


0.37  + 


0.01 


(1+v) 


? C 
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2.  Initial  Inclination 


The  displacement,  v,  of  a fiber  subjected  to  a shear  force,  P 


(Fig.  22)  is9, 


2P 

v " 3«cE 


2P [ 2(d/c )3  + 

3*eEf  [ s 


3(x/c)  [v-(d  /c)2]  + (x/c)3 


(A7) 


The  initial  inclination  aQ  in  the  kinked  zone  is  related  to  v by; 


sina„  = 


vv 


o i. 


(A8) 


where  is  v at  x = o.  Substituting  for  v and  v^,  eqn.(A8)  becomes. 


eln  . 2Px 

si  na  - o 

0 -.  2 


3itc 


3(ds/c)2  - (x/c)2  -3v 


(A9) 


For  small  aQ  (sina^  35  aQ,  x =*  and  for  a relatively  broad  kink  (ds>£^>>c) , 
eqn.  (A9)  reduces  to; 


a 

o 


2P 

~rr 

3irc  Ey 


(A10) 


or,  expressed  in  terms  of  the  applied  shear  stress,  t^, 


a 

o 


8ta  (d;  + 2c)2  (3ds2  -ik2)(db  + ds)2 


(All) 
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APPENDIX  II 

FRACTURE  PROBABILITIES 

1.  Pure  Bending 

The  probability  of  fracture  at  a stress  S in  a body  of  volume  V 
for  a flaw  density  g(S)dS  is  given  by;14,15 

S 

5(S)  = -til  - *(S)]  = -/  dV  / g(S)dS  (A12) 

n V o 

I ■ 

For  fibers  subjected  to  pure  bending,  the  surface  tensile  stress 
13 

(see  eqn.  8)  is  ] 

I 

E,  c sine 

S = = Sm  sine 

R m 

where  S is  the  peak  tensile  stress.  Hence,  for  surface  controlled  fracture, 

[ m 

the  probability  of  fracture  for  a fiber  of  length  £ R and  radius  c is; 

| tt/2  S sin9 

t m 

5(SJ  = -2«D  ; de  / g(S)dS  (A13) 

m R 6 o 


Changing  the  order  of  integration  yields, 

S_ 


m 


C(SJ  - 2*rc  / sin-1  (S/SJ  g(S  )dS 
0 


(A14) 


It  is  not  possible  to  obtain  g(S  ) for  this  distribution  in  the  usual  fashion 
without  assuming  a priori  that  it  has  a specific  functional  form. ^ J A useful 
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working  result  can  be  obtained,  however,  if  the  following  approximate  stress  is 
appl ied ; 


s = Sm  (1  - 29/tt) 


(A15) 


Then  g (Sm)  is  given  by; 


= TTCtr,  ^ + Smc 


(A16) 


2.  Laterally  Displaced  Fiber  Bundle 

The  tensile  stress  in  a fiber  subjected  to  a lateral  displacement  can 
be  expressed  (see  eqn.  A1 ) as; 


S = Sm  sine  (1  -2x/ds) 


(A17) 


2 2 

where  Sm  = 3t^  (dy  + 2c)  ds/c  . Hence,  the  fracture  probability  becomes 

ds/2  W2  Smsine(l-2x/ds) 

5(t.)  = -4c  / dx  / d9  f g(S )dS  (A1 

o o o 


Changing  the  order  of  intergration  reduces  eqn.  (ATS)  to; 


5(t.)  = -2cd  / sin"  (S/S_)  - (S/2Sm)  m 


1 -^-(S'Sm)2 


i wi-(s/smr 


g(s)ds 


5 "2cds  x (ta^ 


(A1 9) 


The  equivalent  probability  of  first  fracture  in  a fiber  bundle,  ^ is 


Cb(tA}  = C(lA)db2  (A20) 

(df  + 2c)2 
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FIGURE  CAPTIONS 

Fig.  1.  A section  through  a carbon/carbon  composites  indicating  the  as- 

★ 

fabricated  microstructural  condition  ; the  section  exposes  lateral 
fiber  bundles  and  highlights  the  presence  of  matrix  voids,  bundle 
fractures  and  local  bundle  curvature. 

Fig.  2.  Kinks  generated  by  longitudinal  compression  (a)  broad  kinks  showing 
in-plane  and  out-of-plane  morphologies  and  kink  arrest  at  a pre- 
existing void  (b)  broad  kinks  showing  kink  arrest  at  another  kink 
boundary  (c)  intermediate  kinks  with  small  fiber  rotation-  (d)  an 
intermediate  kink  with  a large  fiber  rotation  (e)  arrays  of 
intermediate  kinks  indicating  a range  of  orientations  (f)  narrow 
kinks  indicating  a typical  kink  orientation  (g)  a narrow  kink 
indicating  the  large  fiber  rotation. 

Fig.  3.  Kinks  generated  by  lateral  compression  (a)  typical  kink  morphologies 
(b)  the  multiplicity  of  fiber  orientations  within  the  kink. 

Fig.  4.  Kinks  formed  by  lateral  displacement  indicating  typical  kink  morphologies. 

Fig.  5.  Kinks  produced  by  lateral  displacement  indicating  (a)  the  approximate 
parallelism  of  the  bounderies  (b)  the  lack  of  residual  fiber  curvature. 

Fig.  6 A schematic  indicating  the  morphology  of  in-plane  and  out-of-plane  kinks. 

Fig.  7.  Kink  orientation  relationships  as  a function  of  relative  kink  width 

for  kinks  produced  by  .longitudinal  compression  or  lateral  displacement. 

Fig.  8.  Kink  boundaries  indicating  (a)  the  fracture  of  fibers  and  infrequent 
matrix  fracture  (b)  single  and  multiple  fiber  fracture  (c)  a void 
at  a bundle/matrix  interface. 

Fig.  9.  Partially  formed  kinks  (a)  single  boundary  formation  (b)  double 
boundary. 

*A11  micrographs  in  this  paper  are  optical,  taken  in  polarized  reflected 
illumination. 
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Fig.  IQ.  Kinking  at  elevated  temperatures  (3500°C) 

Fig.  11.  Compliance  curves  obtained  for  various  microstructural  constituents. 

Fig.  12.  (a)  A schematic  indicating  the  formation  of  a "shear11  kink,  (b) 

a schematic  indicating  the  transition  zone  between  the  fully-kinked 
and  unkinked  zone,  (c)  the  elements  used  to  evaluate  the  plastic 
work  expended  against  the  matrix  during  fiber  rotation. 

Fig.  13.  Two  schematics  illustrating  the  principles  governing  the  kink 

morphology  (a)  the  matrix  shear  and  local  distortion  caused  by  fiber 

rotation  (b)  the  matrix  compression  or  extension  and  its  relation  to 
the  kink  boundary  inclination. 

Fig.  14.  A slip  line  field  for  ironing  of  a thin-walled  cylinder^,  and  the 
deformation  pressure  as  a function  of  orientation  for  two  (fixed) 
values  of  the  relative  kink  width,  tk/db. 

Fig.  15.  A schematic  indicating  the  matrix  strain  for  large  and  small 
boundary  inclination. 

Fig.  16.  Fiber  fracture  in  regions  of  fiber  curvature  remote  from  kink  boundaries. 

Fig.  17.  (a)  A fracture  probability,  strength  curve  for  fracture  of  the 

carbon  fibers  in  the  present  composite,  (b)  The  flaw  density  as  a 
function  of  flaw  strength  derived  from  (a). 

Fig.  18.  A schematic  indicating  the  stress  transmission  through  the  matrix 
caused  by  an  outer  fiber  fracture  that  could  induce  the  kink 
instabil ity. 

Fig. 19.  A schematic  indicating  the  basis  for  a bundle  fracture  model 

involving  fiber  fracture  enhancement  through  matrix  stress  transmission. 
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Fig.  20.  A plot  of  the  normalized  kink  formation  stress  aJVym  as  a 

function  of  the  inverse  of  the  normalized  fiber  fracture  strength, 
Sq/o^,  for  several  values  of  the  strength  distribution  term,  m. 

Fig.  21.  The  stresses  that  develop  in  a beam  compressed  between  two  opposing, 
displaced  pressure  zones. 

Fig.  22.  A cantilevered  beam  and  the  dimensions  used  to  calculate  the  stresses, 
displacements  and  strain  energy  in  "sheared"  fiber  bundles. 
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